Abstract-The performance of coherent polarizationmultiplexed optical systems is evaluated in the presence of polarization-dependent loss (PDL) for linear and maximumlikelihood receivers and lumped noise at the receiver. The boundaries of PDL mitigation methods are discussed.
I. INTRODUCTION

D
IGITAL signal processing (DSP) in coherent fiber-optic systems gives way to a reevaluation of transmission impairments. Linear effects like chromatic dispersion (CD) and polarization-mode dispersion (PMD) can be compensated at the receiver using finite-impulse response (FIR) filtering and are not limiting as in direct-detection systems. The effect of polarization-dependent loss (PDL) on incoherent systems has been widely studied [1] , [2] , where no equalization was typically assumed. The influence of PDL on coherent polarization-multiplexed (PolMux) systems was first discussed in [3] deriving performance boundaries for coherent receivers with FIR filtering.
In this contribution, the PDL-performance limits for coherent PolMux systems are further deepened. After a reevaluation of the performance of linear receivers in the presence of PDL, their suboptimality is discussed, deriving the maximum likelihood (ML) performance. Finally, the boundaries for PDL mitigation methods are discussed.
II. CHANNEL MODEL
If nonlinearities are neglected, the fiber-optic channel transfer function can be described by (1) with the polarization-independent signal loss , the transmission distance , the propagation constant , and the PDL-element (2) where is the polarization-dependent attenuation with . Furthermore, the frequency-dependent polarization rotation element is defined as (3) Here, the birefringent element is a function of the differentialgroup delay and a phase and given by (4) Further,
In terms of boundary performance, two simplified channel assumptions with a single PDL element are of interest (6) (7) In the worst case, one of the two signal polarizations is fully aligned with the axis of the PDL element, leading to an attenuation of one polarization only. In the best case, both polarizations are attenuated equally leading to a loss of orthogonality, as shown in Fig. 1 [3] . Although the polarizations in (6) and (7) are linear, the boundary performance does not change if elliptical polarization is assumed.
III. LINEAR RECEIVERS
Equalization for coherent optical receivers is mostly demonstrated using linear equalizers. In nondata aided receivers, the constant-modulus algorithm (CMA) is often employed for channel acquisition that can be followed by the least-mean-square (LMS) algorithm for channel tracking. Data-aided receivers can, e.g., use the optimum minimum-mean square error (MMSE) solution for equalization or the LMS. In most channels, the global minimum of the CMA cost function is close to the MMSE solution, while the LMS achieves MMSE 1041-1135/$26.00 © 2010 IEEE performance for a sufficient number of training symbols [4] . The performance boundaries for PDL will be derived for a flat-fading channel with lumped noise at the receiver given by (8) where is the 2 1 received signal vector, is the number of polarizations, is the 2 2 channel matrix, is the 2 1 transmit signal vector, is the noise vector, and the symbol energy per polarization. The signal-to-noise ratio (SNR) on the th polarization can be approximated from the zero-forcing (ZF) equalizer solution given by [5] ( 9) where is the total SNR of the two polarizations in front of the equalizer. The bit-error-rate (BER) is computed analytically using (9) for the channel matrices given by (6) and (7). The resulting analytical SNR penalty is shown in Fig. 2 and is identical to a numerical evaluation. Here, a 112-Gb/s PolMux 16QAM (quadrature amplitude modulation) signal with return-to-zero (RZ) pulse shaping was simulated with negligible CD and PMD. A second-order optical Gauss filter with 17-GHz bandwidth and a fifth-order Bessel with 9.8-GHz bandwidth were used. Data-aided MMSE equalization was performed with a 13 tap filter. It should be noted that CD and PMD are loss-less effects that can be almost fully compensated in the presence of PDL. The computed boundaries are identical to a different derivation given in [3] . 
IV. ML RECEIVERS
In general, linear receivers are not optimal in flat-fading multiple-input-multiple-output (MIMO) channels. Here, each polarization is detected independently, neglecting the noise correlation caused by equalization. Therefore, linear receivers are usually outperformed by ML receivers or other advanced MIMO receivers [6] . The achievable gain of ML equalization in comparison to linear filters depends on the loss of orthogonality. For an arbitrary matrix , the polarizations remain fully orthogonal if the following relation is fulfilled [5] :
It can be easily verified that (6) fulfills (10), meaning that ML receivers cannot outperform FIR filters in case of worst-case PDL. On the other hand, best-case PDL leads to a maximum loss of polarization orthogonality. Here, linear equalizers become suboptimal, since the equalization of the depolarized signal leads to a noise correlation and enhancement in the two polarizations. On the contrary, ML receivers are optimal and do not lead to a noise enhancement.
In the following, the ML performance will be evaluated using numerical computations and analytical approximations. ML receivers compute the transmitted signal according to [5] (11) Using the pairwise sequence error probability given by [5] (12) the BER can be analytically upper-bounded by [5] (13) where is the number of incorrect bits for the given pair wise detection error. Fig. 3 shows the simulated boundary and the analytical approximation for best-and worst-case PDL.
For worst-case PDL, the analytical SNR-loss estimation is overestimating the numerical ML results by 0.15 dB. For best- case PDL, the analytical boundary is underestimating the numerical penalty results by 0.3 dB. The maximum gain compared to FIR filtering is achieved at PDL dB with 0.96 dB for numerical computations.
V. PDL COMPENSATION
If the PDL-axis of the channel is known at the transmitter, the input polarization can be aligned to yield the best-case PDL performance. Without channel knowledge at the transmitter, the impact of PDL can be slightly mitigated using a polarization-scrambler, leading to an averaging over the performance of various equiprobable polarization-states. In the following, the channel was simulated with 200 PDL elements with a mean PDL of 7 dB, 2000 ps/nm of CD, and negligible PMD. For every channel realization, the instantaneous PDL was computed using [7] . Modulation, filtering, and equalization remain as introduced in Section III. The PDL-induced SNR penalty of polarization scrambling was evaluated over 10 000 channel realizations and is shown in Fig. 4 . The gain regarding the worst-case boundary is around 0.5 dB at 6-dB PDL.
A better performance can be achieved using space-time diversity coding principles [5] , encoding the information from a single polarization on two polarizations simultaneously. In the fiber-optic channel, however, the same effect can be simply realized by means of predistortion with a differential group delay (DGD) element. The optimum predistortion transfer matrix is equal to (14) where is the symbol duration. Here, DGD changes the signal in a single polarization and creates time delayed components in two orthogonal polarizations. Fig. 5 shows the simulated performance for DGD predistortion for 10 000 channel realizations. The performance can be effectively enhanced with a gain of 1.3 dB regarding the worst-case boundary at 6-dB PDL. The re- sulting worst-case boundary becomes virtually identical to the best-case boundary for FIR filters.
VI. CONCLUSION
The performance boundaries for PDL in coherent PolMux channels were derived for linear and ML equalizers and lumped noise at the receiver. An effective form of PDL compensation without channel knowledge at the transmitter was analyzed using DGD predistortion. It has to be noted that transmitter-sided PMD leads to a higher nonlinear penalty due to the higher peak-to-average power ratio [8] . This penalty can be effectively eliminated using optically uncompensated links [9] . Finally, in deployed fibers, the resulting PDL penalty is usually smaller due to the interaction of PDL with PMD as well as the distributed noise sources.
